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Table 1:  Coal polygeneration with CCS (Scheme A) process specification in ASPEN Plus simulation. 
‘Compr’ = Compressor / turbine; ‘Sep’ = Component separator; ‘RGibbs’ = Gibbs reactor; ‘REquil’ = Equilibrium 
reactor; ‘Flash2’ = Two-outlet flash; ‘Heater’ = Heater; ‘Mixer’ = Stream mixer; ‘SSplit’ = Substream splitter; ‘FSplit’ 
= Stream splitter; ‘Pump’ = Pump. 
Unit ASPEN Plus 
model 
Outlet 
Temperature 
(°C) 
Pressure 
(bar) 
Other Specification  
  
ACEREACT REquil 150 30 
 AIRCOMP Compr 
 
14 Isentropic efficiency = 0.9 
CO2COMP Compr 
 
80 Isentropic efficiency = 0.9 
CO2SEP Sep 
  
CO2 split fraction = 0.99 
CYCLONE SSplit 
  
Ash split fraction = 1.0 
GASIFIER RGibbs 1371.1 75 
 GASTURB Compr 
 
2 Isentropic efficiency = 0.9 
GTCOMB REquil 1200 14 
 H2COSEP Sep 
  
H2 split fraction = 1.0 
H2OREM Flash2 50 25 
 H2SREM Sep 
  
H2S, Cl2, COS split fraction = 1.0 
HE1 Heater 83.3 47 
 HE2 Heater 121.1 42.4 
 HE3 Heater 270 25 
 HE4 Heater 35 80 
 HE5 Heater 150 30 
 HE6 Heater 30 30 
 HRSG Heater 100 1 
 METDISTL Sep 
  
CH3OH split fraction = 0.995 
METGEXP Compr 
 
24 Isentropic efficiency = 0.9 
METHANOL REquil  250 100 
 METPUMP Pump 
 
30 Pump efficiency = 0.9 
METSEP Flash2 40 24 
 METSPLIT FSplit 
  
Flow to stream 35 = 0.12 kmol/s 
OFFGSPLT FSplit 
  
Split fraction = 0.9 
SLURMIX Mixer 
 
1 
 SLURPUMP Pump 
 
42.4 Pump efficiency = 0.9 
SYNGCOMP Compr 
 
100 Isentropic efficiency = 0.9 
SYNGCOOL Heater 430 75 
 SYNGEXP Compr 
 
25 Isentropic efficiency = 0.9 
WGS REquil 250 25 
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Table 2:  Data extraction and classification for coal polygeneration system (Scheme A). 
Process Unit Ts (°C) TT (°C) ∆H (kW) Heat Supply / Demand Heat Utilisation / Source 
SYNGCOOL 1371 430 82531 Supply (High) VHP steam generation (80 bar) 
GASIFIER 1371.1 1371 464311 
Supply (High) 
(Useful heat only) VHP steam generation (80 bar) 
WGS 250 249.9 19829 Supply (High) MP steam generation (14 bar) 
METHANOL 250 249.9 37119 Supply (High) MP steam generation (14 bar) 
HE4 147 35 2882 Supply (Low) Process-to-process heating 
HE6 149.9 30 1098 Supply (Low) Process-to-process heating 
H2OREM 249.9 50 15781 Supply (Low) Process-to-process heating 
METSEP 136.8 40 17140 Supply (Low) Hot water generation 
ACEREACT 150 149.9 12123 Supply (Low) Hot water generation 
HRSG 741.7 100 3312 Supply (Low) Hot water generation 
HE1 25 83.3 985 Demand (Low) Process-to-process heating 
HE2 27.73 121.1 8632 Demand (Low) Process-to-process heating 
HE5 40 150 742 Demand (Low) Process-to-process heating 
Steam Requirement 
Process Unit Mass flow rate of steam required (kg/s) 
Rectisol (5 bar) 4.5 
Steam into WGS (HE3) (14 bar) 0.833 
METDISTL (5 bar) 5.5 
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Table 3:  Heat and power balance for Scheme A. 
 
kg/s kW 
Steam generation  305.6 911844.5 
SYNGCOOL (VHP, 80 bar)   24.0   81045.5 
GASIFIER (VHP, 80 bar) 156.5 464310.6 
WGS (MP, 14 bar)     7.2   19829.0 
METHANOL (MP, 14 bar)  13.5   37119.0 
   
Steam requirement 10.8 23436.5 
Rectisol (LP, 5 bar)    4.5    9479.7 
Inlet to WGS (MP, 14 bar)    0.8    2389.1 
METDISTL (LP, 5 bar)    5.5 11567.7 
   
Hot water generation 178.3 41977.0 
METSEP   74.2 17140.0 
ACEREACT   52.5 12123.0 
HRSG   14.3   3312.0 
Heat exchangers   37.3   9402.0 
   
Power generation from steam turbine  
 
191514.0 
ST1 
 
100958.0 
ST2 
 
    3237.0 
ST3 
 
 87319.0 
   
Power generation on site 
 
18915.0 
GASTURB 
 
  2637.0 
METGEXP 
 
  4525.0 
SYNGEXP 
 
  11753.0 
   
Power requirement on site  
 
33297.8 
ASU 
 
15871.9 
CO2COMP 
 
   2516.0 
SYNGCOMP 
 
   8602.0 
Rectisol 
 
   5021.9 
AIRCOMP 
 
   1286.0 
 
  
Net power generation (kW) 
 
177131.2 
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Table 4:  (a) Sensitivity analysis of the effect of split fraction of offgas on the economic potential. (b) Sensitivity analysis of the effect 
of conversion of methanol synthesis reaction on the economic potential.  
Note: All costs in million Euro/y.   
(a) 
OFFGSPLT split fraction 0.9 0.5 0.1 
Capital cost    71.1 72.0 72.4 
Operating cost    83.1 78.9 74.6 
Value of products  187.9 144.4 100.2 
     Hydrogen    20.0 11.1   2.2 
     Acetic Acid 
A 
107.0 59.4 11.9 
     Methanol    60.9 73.8 86.0 
Economic potential    33.7 −6.6 −46.8 
 
(b) 
Conversion of CO in METHANOL (%) 75 50 
Capital cost   85.7   83.4 
Operating cost   67.4   67.2 
Value of products 293.0 362.3 
     Electricity 105.1 105.7 
     Hydrogen   20.0   35.2 
     Acetic Acid 
A 
107.0 219.6 
     Methanol   60.9      1.8 
Economic potential 139.9 211.7 
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Table 5:  (a) Constant variation in price fluctuation. (b) Non-constant variation in price fluctuation. 
(a) 
Classes of economic risks Frequency 
Probability 
(%) 
Decision 
≥ 0% variation  41 50.6 No potential economic risk. Modification is not required. 
within 0% to −20% variation 11 13.6 Moderate economic risk. Low cost modification may be required. 
within −20% to −50% variation 15 18.5 High economic risk. Moderate to high cost modification is required. 
< −50% variation 14 17.3 Critical economic risk. Major retrofitting of the plant is required. 
Total number of events 81  
  
(b) 
Classes of economic risks Frequency 
Probability 
(%) 
Decision 
≥ 0% variation  52 64.2 No potential economic risk. Modification is not required. 
within 0% to −20% variation   9 11.1 Moderate economic risk. Low cost modification may be required. 
within −20% to −50% variation 14 17.3 High economic risk. Moderate to high cost modification is required. 
< −50% variation   6   7.4 Critical economic risk. Major retrofitting of the plant is required. 
Total number of events 81  
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Table 6:  Variation in prices of products.  
Product (i) Variation, ∆ (%) Price, pi (Euro/MWh 
* 
or Euro/t 
**
) 
 min base max min base max 
Electricity 
*
 (w) −10 0 +35 66.7 74.14 100.1 
Hydrogen 
* 
(x) −20 0 +45 883.2 1104 1600.8 
Acetic acid
**
 (y) −50 0 +110 275.0 550 1155.0 
Methanol 
** 
(z) −50 0 +110 127.5 255 535.5 
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Table 7:  Thermodynamic efficiency and emission analyses of various process schemes. 
Process Scheme Coal 
polygeneration 
with CCS 
Coal 
polygeneration 
with CO2 
methanation 
Coal IGCC 
with CCS 
Coal IGCC 
with tri-
reforming and 
methanol 
synthesis 
Bio-oil 
polygeneration 
with CCS 
 (Scheme A) (Scheme B) (Scheme C) (Scheme D) (Scheme E) 
Thermodynamic Efficiency Analysis     
Product LHV (MW)     
1.  Electricity 
 
177.1 191.7 237.0 123.4 14.3 
2.  Hydrogen 75.7 0.0 0.0 0.0 107.6 
3.  Acetic Acid 88.5 88.5 0.0 0.0 48.4 
4.  Methanol 166.6 166.6 0.0 2852.8 178.3 
5.  Methane 0.0 494.0 0.0 0.0 0.0 
Total LHV of products 507.9 940.8 237.0 2976.2 348.6 
Feed LHV (MW)     
Main feedstock Coal Coal Coal Coal Bio-oil 
LHV of main feedstock 648.0 648.0 648.0 648.0 648.0 
      
Additional feedstock - Hydrogen - Natural gas Natural gas 
LHV of additional feedstock - 619.8 - 2802.6 22.7 
Total LHV of feedstock 648.0 1267.8 648.0 3450.6 670.7 
Thermal efficiency based on 
LHV of feedstock (%) 
78.4 74.2 36.6 86.3 52.0 
Emission Analysis     
Net CO2 emission (t/h) 4.7 8.7 44.7 52.1 - 
CO2 captured / reused (t/h) 101.4 97.4 141.9 216.8 - 
 (captured) (reused) (captured) (reused)  
CO2 reduction (%) 95.6 91.8 76.0 80.6 - 
      
CO2 emission per unit product 
(t CO2/GWh) 
7.7 8.3 127.8 16.9 - 
CO2 emission per unit 
feedstock (t CO2/GWh) 
7.3 6.8 68.9 15.1 - 
 
Note: LHV of coal = 28 MJ/kg; bio-oil = 18 MJ/kg; hydrogen = 120.1 MJ/kg; acetic acid = 13.1 MJ/kg; methanol = 20.1 MJ/kg; 
methane = 50.1 MJ/kg; natural gas = 47.1 MJ/kg. 
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Table 8:  Economic analysis of various process schemes. 
Process Scheme Coal 
polygeneration 
with CCS 
Coal 
polygeneration 
with CO2 
methanation 
Coal IGCC 
with CCS 
Coal IGCC 
with tri-
reforming and 
methanol 
synthesis 
Bio-oil 
polygeneration 
with CCS 
 (Scheme A) (Scheme B) (Scheme C) (Scheme D) (Scheme E) 
Capital cost (million Euro/y) 85.7 89.2 86.2 142.9 66.9 
Operating cost (million Euro/y) 67.4 255.2 67.4 655.4 12.2 
Value of products (million Euro/y) 293.0 360.6 140.6 1115.5 160.6 
     1.  Electricity 
 
105.1 113.7 140.6 73.2 8.5 
     2.  Hydrogen 20.0 0.0 0.0 0.0 28.5 
     3.  Acetic Acid 107.0 107.0 0.0 0.0 58.5 
     4.  Methanol 60.9 60.9 0.0 1042.3 65.2 
     5.  Methane 0.0 79.0 0.0 0.0 0.0 
Economic potential (million Euro/y) 139.9 16.2 −13.1 317.2 81.6* 
Economic potential (Euro/GJ) 9.5 0.6 −1.9 3.6 8.1* 
 
Note:  Unit price of electricity = 74.14 Euro/MWh (DECC, 2010); hydrogen = 1104 Euro/t
 
(Stiegel and Ramezan, 2006); acetic 
acid = 550 Euro/t (ICIS Pricing, 2010); methanol = 255 Euro/t
 
(Methanex, 2010); methane = 20 Euro/MWh
 
(DECC, 2010).  
*
 The economic potential for Scheme E should be lower because the current value only reflects the netback of bio-oil, since the 
cost of bio-oil has not been accounted in the operating cost.
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Table A.1: Capital cost parameters. 
ISBL 
No. Process unit 
Base Cost  
(million USD) 
Scale 
factor, θ 
Base 
scale 
Scale unit 
1 Coal handling 
a 
29.58 0.67 2367 t/d coal input 
2 Gasifier (GE type) 
a 
62.92 0.67 716 MW coal input 
3 Cyclone 
a 
0.91 0.7 68.7 m
3
/s gas feed 
4 Water-gas shift reactor 
a 
12.24 0.67 1377 MW LHV coal input 
5 Rectisol 
b, i 
54.1 0.7 9909 kmol CO2/h 
6 CO2 transport and storage 
c 
         5.6 Euro/t CO2 
7 Methanol reactor 
b 
7 0.6 87.5 t MeOH/h 
8 Methanol separation 
b 
15.1 0.7 87.5 t MeOH/h 
9 Acetic acid reactor and purification
d 
         2 times of [(7) + (8)] 
10 H2/CO separation 
ii
 or PSA 
b 
28 0.7 9600 kmol/h feed 
11 Gas turbine 
a 
56 0.75 266 MW 
12 Steam turbine (inc. condenser) 
a 
45.5 0.67 136 MW 
13 HRSG 
a 
41.2 1 355 MW heat duty 
14 SYNGCOOL 
a 
25.4 0.6 77 MW heat duty 
15 ASU 
a 
35.6 0.5 76.6 t O2/h 
16 Compressor 
a
  4.83 0.67 10 MW 
17 Expander 
a 
2.41 0.67 10 MW 
18 Tri-reformer/ Methanator 
b, iii 
9.4 0.6 1390 kmol/h feed 
OSBL 
b 
No. Specification Cost estimation (% of ISBL) 
19 Instrumentation and control 5 
20 Buildings 1.5 
21 Grid connections 5 
22 Site preparation 0.5 
23 Civil works 10 
24 Electronics 7 
25 Piping 4 
 
Total Direct Capital (TDC) ISBL + OSBL 
Indirect Capital Cost 
b 
No. Specification Cost estimation (% of TDC) 
26 Engineering 15 
27 Contingency 10 
28 Fees/overheads/profits 10 
29 Start-up 5 
 
Total Indirect Capital (TIC) 
 
 
Total Capital Cost TDC+TIC 
Note: 
a
 Larson et al., 2005. Economic parameters taken from year 2003. Assume 1USD = 0.9 Euro (2003). 
b
 Hamelinck and Faaij, 2002. Economic parameters taken from year 2001. Assume 1 USD = 1.1 Euro (2001). 
c
 IPCC, 2005. Cost of CO2 transport: 0-5 USD/t CO2; Cost of CO2 storage: 0.6-8.3 USD/t CO2. Average 
values of CO2 transport and storage are taken. 
 
Assume 1 USD = 0.8 Euro (2010). 
d
 Cost of acetic acid reactor and purification is estimated based on 2 times of the cost of methanol reactor 
 and distillation units, as suggested by Zhu and Jones, 2009. 
 
i   
Cost of Rectisol is assumed to be 2 times of Selexol, as suggested by Denton, 2003. 
ii
 Cost of H2/CO separation unit is estimated based on the cost of PSA. 
iii
Costs of tri-reformer and methanator are assumed to be the same as the cost of steam reformer. 
 
CEPCI 
2001= 394.3; 2003=402.0; 2010 (April)=555.2 
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Table A.2: Operating cost parameters.  
Fixed Operating Cost 
a
 
No. Specification Cost Estimation 
1 Maintenance 10 % of indirect capital cost 
2 Personnel 0.595 million Euro/100 MWth LHV 
3 Laboratory costs 20% of (2) 
4 Supervision 20% of (2) 
5 Plant overheads 50% of (2) 
6 Capital Charges 10% of indirect capital cost 
7 Insurance 1% of indirect capital cost 
8 Local taxes 2% of indirect capital cost 
9 Royalties 1% of indirect capital cost 
Variable Operating Cost 
b 
No. Specification Cost estimation 
10 Natural Gas                        20 Euro/MWh 
11 Coal                       2.4 Euro/GJ 
12 Electricity 74.14 Euro/MWh 
 
Direct Production Cost 
(DPC) 
Variable + Fixed Operating Costs 
Miscellaneous
 a
 
No. Specification Cost estimation 
13 
Sales expense, general 
overheads, research and 
development 
30% of DPC 
 
Total OPEX per year DPC + Miscellaneous 
Note: 
a 
The parameters except personnel are taken from Sinnott, 2006. Estimation 
for personnel is taken from Tijmensen et al., 2002. 
b
 The variable operating costs for various feedstocks are taken from DECC, 
2010.  
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Table B.1: Additional data / results for Schemes C, D and E in ASPEN Plus modelling.  
Process units and specification Scheme C Scheme D Scheme E 
Water-gas shift reactor 
 Steam flow rate (t/h) 
 
20 
 
35 
 
- 
 
 Temperature (°C) 
 
370 (HTWGS 
i
); 
200 (LTWGS 
i
) 
200 450 
 Pressure (bar) 
 
15 (HTWGS);  
     15 (LTWGS) 
15 30 
Gas turbine 
 Air / oxygen ii to gas 
turbine combustion 
chamber (kmol/s) 
 
4 
 
 
 
0.87 
 
 
 
0.45 
 
 
 Natural gas  to gas turbine 
combustion chamber 
(kmol/s) 
- 
 
 
0.4 
 
 
0.03 
 
 
 Exhaust gas flow rate 
(kmol/s)  
4.9 
 
2.5 
 
0.5 
 
 Exhaust gas composition 
(mole fraction) 
 
 
  
CO2 
H2O 
Unreacted gas (O2, N2, Ar) 
0.06 
0.28 
0.66 
0.64 
0.34 
0.02 
0.09 
0.21 
0.70 
Tri-reformer 
 Feed flow rate (kmol/s) 
 
 
 
 
 
Steam 
Oxygen 
Natural gas 
 0.73 
0.33 
3.31 
 
 Product gas flow rate 
(kmol/s) 
 13.0 
 
 
 Product gas composition 
(mole fraction) 
  
 
 
H2 
H2O 
CO 
CO2 
 0.59 
0.03 
0.36 
0.02 
 
Note: 
i
 There are high temperature and low temperature water-gas shift reactors for 
the system in Scheme C, i.e. HTWGS and LTWGS, respectively. 
ii
 Air consists of 21 mol% oxygen and 79% nitrogen. Pure oxygen is used for 
gas turbine combustion in Scheme D. 
 
 
